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ABSTRACT
Thin films of indium oxide (10) were prepared by a three
stage process involving forced plasma oxidation (FPO) of
reactively evaporated indium. Applications of 10 films
produced using this technique include transparent,
antistatic coatings for the continuous processing of
polyethylene terephthalate (PET). The films were
characterized by sheet resistance and optical transmittance
measurements, and ESCA. Experiments were performed to
determine the effect of FPO exposure time on sheet
resistance R and optical transmittance T, which were then
monitored over a one year period to determine the stability
of the films. A model is developed to explain the effects
of (i) elapsed time since deposition, and (ii) FPO exposure
time on resistivity and absorption coefficient.
Film thicknesses ranged from 135 to 500 A, and FPO time
ranged from 0 to 30 sec. There exists an optimal FPO time
(-v5 sec) for each thickness.
Over the course of 350 days, stable values for R and T for
5
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the best films of each thickness ranged from 2 x 10 fl/D
and 97* (@ 550 nm) for the 135 A films to ~2 x
105 0./D and
94* (@ 550 nm) for the 500 A films.
Indium oxide films are degenerate n-type semiconductors
which rely on oxygen vacancies to allow adjacent indium
atoms to donate valence electrons to the conduction
mechanism. These oxygen vacancies also inhibit carrier
mobility. An optimum indium-to-oxygen (ln:0) ratio exists
for a given film structure. The FPO process was found to
effect both the ln:0 ratio and film structure. The optimum
FPO time for a given thickness film is determined by the
balance between film restructuring and oxygen incorporation.
11
ACKNOWLEDGMENTS
This work was supported by the Manufacturing Technology
Research Laboratory ( MTRL) of Eastman Kodak Company. I
would like to acknowledge the thoughtful leadership of Dr.
J. A. Merrigan, without which this work would not have been
possible. I acknowledge Dr. M. J. Miller for his support
while under his management and Mr. S. E. Hatch for his
encouragement, advice and support throughout the entire
project. I also acknowledge my laboratory colleagues for
their help in the trenches, Mr- T. S. Phillips (MTRL) for
showing me the ropes of vacuum work, Dr. T. Pian ( USAD
Manuf. Tech. Dept. 45) for his assistance with ESCA, Mrs. S.
Badger (Ind. Labs) for her help with electron microscopy,
and the rest of Lab 798 for their help and encouragement.
Finally, I would like to extend a special note of
appreciation to Dr. P. H. Wo jciechowski for his support as
an educator, advisor, and friend.
111
VITA
The author was born 18 April 1962 in Rochester, NY to Mr- &
Mrs. F.P. Elli. He entered Rochester Institute of Technology
as a freshman Mechanical Engineering student September 1980
and entered the MS/BS program 1982. He co-oped with
International Business Machines, Inc. from November 1982
through May 1983 in San Jose, CA and from November 1983
through May 1984 in Boca Raton, FL . After finishing his
academics at RIT in May of 1985, he was employed on a nine
month contract at the Manufacturing Technology Research
Laboratories of the Eastman Kodak Company starting November
1985 as an assistant to Dr. P.H. Wo jciechowski in the
investigation of ion beam assisted deposition of metalic
films on flexible polymer substrates. He was married on 21
June 1986, and with his wife, Patty will soon be relocating
to Madison, Wisconsin where he is enrolled in the Department
of Materials Science at the University of Wisconsin to pursue
a doctoral degree.
6 August 1986
iv
CONTENTS
ABSTRACT
ACKNOWLEDGEMENTS
VITA
LIST OF SYMBOLS
LIST OF FIGURES
LIST OF TABLES
1 . INTRODUCTION
2 . BACKGROUND
3. PRESENT INVESTIGATION
4. THE EXPERIMENT
5. FIGURE OF MERIT
6. DATA AND RESULTS
7. ANALYSIS AND DISCUSSION
8. CONCLUSIONS AND RECOMMENDATIONS
APPENDIX A: SPECTROPHOTOMETRY DATA 57 DAYS AFTER
DEPOSITION
APPENDIX B: SPECTROPHOTOMETRY DATA 276 DAYS AFTER
DEPOSITION
REFERENCES
SYMBOLS
P
9
I
1
O.D.
t
T
w
D
Absorption coefficient cm
Figure of merit
Wavelength
A*
Resistivity fi-cm
Conductivity (O-cm)
Intensity W/m2
Length cm
Optical density
Thickness A
Transmission *
Width A
A dimensionless unit in
which the length and width
of a rectangle are equal, thus
making it a square
Sheet resistance in 'ohms
per square '
-1
0/D
* The symbol A (usually written as A) is used for
angstrom units.
vi
FIGURES
Figure 1.1: Idealized thin film cross-section p
Figure 4.1: Block diagram of system components p.
Figure 4.2: Vertical geometry of experimental
apparatus p .
Figure 4.3: Detailed view of shutter p
Figure 5.1: Figure of merit vs film thickness p.
Figure 5.2: Figure of merit criterion p
Figures 6.1-6.3: ESCA spectra p
Figures 6.4-6.6: ESCA depth profiles p
Figure 6.7: SEM freeze fracture of sample #12 p,
Figure 6.8, 6.9: TEM cross-sections of samples p
#5 and #1
Figures 7.1-7.12: Resistivity and absorption p.
coefficient vs time since deposition
Figure 7.13: Resistivity and absorption coefficient p
vs FPO time at time of deposition
Figure 7.14: Resistivity and absorption coefficient p
vs FPO time at stabilization values.
Figure 7.15: Visualization of FPO model p
Figure 7-16: Figure of merit criterion at work p
vn
TABLES
Table 3.1: Fuji results summary p. 10
Table 4.1: Typical data sheet p . 24
Tables 6.1-6.3: Experimental raw data: p. 34-36
Rg and T over time
Tables 6.4-6.6: Reduced data: a and p over p . 37-39
time
Vlll
1.0 INTRODUCTION
A study was performed to explore new approaches to the
antistatic treatment required for the continuous processing
of polyethylene terephthalate (PET). The study consisted of
( i) a search of both the open and patent literature, ( ii)
selection of a candidate process to investigate more fully,
(iii) the experimental work including development of the
apparatus, ( iv) analysis of the results, and ( v) development
of a model to explain the observed results.
The constraints imposed on this application were ( i) that
the film have high transmittance T in the visible spectrum,
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( ii) that the sheet resistance R * 10 - 10 ft/a (or less) ,
and (iii) that the process be compatible with PET, in
particular that the temperature of the PET substrate not
exceed 110 C. It was also considered important that the
process be easily adaptable to high speed, continuous, low
cost processing ( thereby requiring fast deposition times) .
Several methods of producing transparent conductive films
(TCF's) for this application were considered. The primary
constraints of transmittance T, sheet resistance R and
substrate temperature T determined which potential
processes would be focused on. A secondary constraint was
the operation pressure P, since lower pressures are more
expensive to obtain.
For an optically absorbing medium of thickness t,
transmittance T is defined by the ratio
T = I = e-Kt
o
where I is the incident radiative intensity, I is theo * '
intensity at thickness t, and a is defined as the absorption
coefficient. Transmittance data are often expressed in terms
of optical density O.D., which is defined by
0 . D . = log10 I
- = -2.3 t
The sheet resistance of a thin film member of resistivity p,
length 1, width w and thickness t, as shown below
Figure 1.1: Idealised thin film cross-section
is given by
el
wt
which, if 1 = w, (hence ohms per square) reduces to
t fft
where ff is the film conductivity.
The parameters a and e have a strong dependance on t. The
primary objective in TCF applications is the maximization of
a and minimization of p ( or the maximization of <r) . A
figure of merit
* - i(p ,a ,t)
has been proposed (1,2) which expresses this objective as
T
R
Cx > 0)
where x is a user determined "weighting function" which
balances the relative importance of R and T. Obviously, our
s
objective is to maximize a). This figure of merit will
be discussed further in a later section of this report.
The maximization of this figure of merit, along with the
constraints mentioned earlier, led Wo jciechowski , et al (3)
to investigate a process known as "forced plasma oxidation"
(FPO). Their work demonstrated the potential of FPO of
reactively evaporated indium to form an ultra thin film of
transparent, conducting indium oxide.
The purpose of the present work is to investigate and gain
a fundamental understanding of the FPO process.
2.0 BACKGROUND
This section summarizes the literature search conducted as
part of the study of TCF's outlined in section 1. This
literature search includes both the open and patent
literature, starting with the first mention of TCF's and
ending with the process that is the focus of this study.
Transparent conducting films have been in the literature
since the turn of the century. In 1907, Badeker (4)
prepared cadmium oxide films by thermal oxidation of
sputtered cadmium. Since then, the wealth of potential uses
of these films has spawned the development of numerous
fabrication techniques.
Most of the literature for any type of thin film coating
(TCF's included) is organized according to film deposition
process, since it is generally true that the same material
deposited by different techniques will have different
physical properties. This is to be expected since the
physical properties of a thin film ( such as p and a) depend
strongly on film characteristics such as microstructure and
stoichiometry , which are process dependent. The most recent
(and very thorough) review of TCF's is given by Chopra, et
al (5) . A thorough background on thin film technology
(techniques, equipment, instrumentation, etc) is given by
Maissel and Glang (6). The relationships between physical
properties of crystaline solids is treated by Omar (7) and
optical properties in particular are treated by Wooten (8).
Two classes of materials are used to make TCF's:
metals; and semiconducting oxides. The transparent and
conducting properties of the metals depend on the thickness
(usually very thin ~S0 A or less) and therefore the
nucleation and coalesence process. The oxide properties
depend on film thickness, stoichiometry (including any
impurities or dopants that may be present) and structure.
For thin film applications, stoichiometry has the following
definition. A stoichiometric compound is one whose
composition is specified by a formula containing integer
numbers such as A, AB, AB , A B , etc. In any real compound
there will always be slight deviations from exact
stoichiometry. These deviations are often electrically and
optically active (i.e., dopants in silicon semiconductors)
and certain compounds depend on deviations from
stoichiometry for their semiconductive nature.
Semiconducting oxides are such compounds. By film structure
it is meant the physical structure, i.e., degree of
crystalinity ( long range order versus short range order) ,
grain size, uniformity of coverage, etc.
There are several methods available to make thin film
coatings. The list includes such processes as chemical
vapor deposition, vacuum and reactive evaporation of metalic
or metal alloy targets, ion beam sputtering and reactive ion
plating .
Of the myriad processes available, many violate the
requirement that the substrate temperature not exceed 110 C
for PET. Most sputtering and CVD processes violate this
constraint, and post oxidation treatments for evaporated
metals typically heat the substrate to 300 * 350 C. There
is a fairly large body of literature on the depostion of
TCF's by such processes for which the substrate temperatures
exceed the 110 C mark. (10,11,12,13,20)
A select few processes, however, present possibilities for
the current application, i.e., reasonable R and T are
obtained at T < 110 C. Activated reactive evaporation
s K
(ARE) is such a process. The ARE process involves the
thermal evaporation of a metal or metal alloy (such as
indium or indium-tin alloy) in a reactive background gas
( such as oxygen) . This reactive evaporation is then
activated by establishing a thermionically assisted plasma
in the reaction zone between the evaporation source and the
substrate. This results in a reaction between the
evaporated metal/metal alloy and the ionized background
gas. Nath, Bunshah et al (9,10,12) have produced indium-tin
oxide ( IT0) films with T in excess of 90% and R on the
order of 25 ft/a. These films ranged from 4000 - 16000 A
thick and took 5 * 1 0 minutes to deposit. Unfortunately,
the best results were obtained when the substrate was heated
*> 300 C. However, it may be possible to obtain results
within our constraints with a significantly thinner film
(and correspondingly shorter deposition time) and a cooler
substrate.
Another possible process is reactive ion plating (RIP) . It
consists of reactive evaporation (14) or magnetron
sputtering (15,16,17,18) of metals or alloys in the presence
of a low power (** 100 W) rf discharge directed at the
substrate. The substrate generally has a negative dc bias
with respect to the discharge. Energy supplied to the
substrate by the impinging energetic ions and atoms has much
the same effect as substrate heating on the growing film.
Work by Murayama (14) and Howson et al (15,16,17,18)
involving RIP of indium on room temperature substrates
yielded results such that the lowest sheet resistances were
found for biased films, while the highest transmittances
were found in the unbiased films. Still, it may be possible
to obtain a film which falls within our constraints.
The process reported by Fuji Film Co. (19) appears to
satisfy the constraints on this problem with the greatest
compatibility. The process consists of three stages: (i)
an rf oxygen plasma pretreatment of the substrate to desorb
water and enhance adhesion; (ii) the reactive evaporation
of indium in an oxygen partial vacuum; (iii) the forced
plasma oxidation (FPO) of the already deposited film to a
higher - but not stiochoimetric- oxide of indium. The total
time of this process ranged from 15 to 23 seconds while
substrate temperature was ~ 80 C. Fuji reported films with
optical density of .01 ( * 97% T) and sheet resistances R *
3
5 x 10 ft/a. Wojciechowski et al reported their best films
to be 86% transparent (@ 550 nm) with sheet resistance equal
to 1.3 x 10
4
ft/ a.
It is the Fuji process which this work will focus on. A
complete description of the process and approach of the
present work follows in the next section.
3.0 PRESENT INVESTIGATION
The present investigation will focus on the process reported
by Fuji (FPO) which consists of the following three stages:
STAGE 1 : rf plasma treatment to clean substrate and desorb
water
Pressure: 1 - 5 mtorr for electroless discharge
10 - 100 mtorr for glow discharge
Process Time: 5-7 seconds
STAGE 2: Deposition of lower oxide of indium in an oxygen
environment
Pressure: .1 to 20 mtorr
Process Time: 3-6 seconds
STAGE 3: Forced plasma oxidation of indium from lower oxide
to higher oxide
Pressure: 20 - 100 mtorr
Process Time: 7-10 seconds
Table 3.1 is a summary of results, given in ref. 3,
reported by Fuji. Their experiments on PET (#'s 1 and 2)
yielded sheet resistances of 1000 and 5000 ft/O; and optical
densities of .01 and .02 respectively. These data are
clearly well within the constraints of the problem. In
addition, this process is particularly conducive to a
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continuous process as the process times are short and ultra
high vacuum is not required.
Table 3.1 is a synopsis of all the useful information in the
Fuji report. There are no pictures, schematics, diagrams,
or dimensions of any system used. A search of the
literature beyond this reference yielded no other
information. This vagueness, along with the promise of
results such as those in Table 3.1 stimulated this
investigation .
Therefore, an experimental program was developed to meet the
following objectives:
1 . Attempt to duplicate the Fuji results and establish
their accuracy.
2. Obtain an understanding of the effect of the FPO
process on R and T in indium oxide films, following
the process outlined by Fuji.
3. Develop a model to explain this effect.
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4.0 THE EXPERIMENT
4 . 1 Apparatus
The parts necessary to construct the apparatus as well as the
lab space were provided by the Research Labs of Eastman
Kodak Company. The design was based on parts of a system
originally used to ion plate (i.e., RIP). Figure 4.1
illustrates the entire apparatus, including pumping stack,
vacuum chamber, power supplies and instrumentation. The
individual components are described in the remainder of
section 4.1.
4.1.1 The Vacuum Chamber
The vacuum chamber consisted of an 18 inch (dia) stainless
steel base plate; 12 inch (tall) aluminum feedthrough
collar; 20.5 inch (tall) glass cylinder; aluminum cap with
an 6 inch (dia) stainless steel, water cooled rf cathode.
Figure 4.2 illustrates the geometry of the electron gun,
differential pumping plate, ground screen, and shutter.
Rotation of the shutter by 180 allowed the substrate
surface to be exposed to either the evaporant source or the
rf glow discharge. Figure 4.3 details the shutter/substrate
holder assembly and its motion.
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Figure 4.2: Vertical geometry of vacuum chambei
Figure 4.3: Detailed view of shutter
4.1.2 Pumping System
The pumping system consisted of a liquid nitrogen cold trap
(temperature controlled) above a 4 inch (dia) oil diffusion
pump. The diffusion pump was backed by a rotary vane
roughing pump located approximately 10 feet from the rest of
the system.
4.1.3 Evaporation System
A Temescal CV-14 constant voltage (14 kV maximum) power
supply was used to drive a Temescal model 360 4-crucible
turret type electron gun. The differential pumping plate
(constricted to a 3/4 inch diameter hole) was necessary to
maintain the pressure required to operate the E-gun below
the plate while being able to achieve higher pressures above
the plate. In the steady state (flow through), there was
approximately 1 order of magnitude pressure difference
across the plate.
4.1.4 Gas Control System
Gas flow was controlled by two MKS gas flow controllers,
which were driven by a Baritron capacitance manometer- With
this flow through system, pressure could be controlled in
the range of the manometer head with any mixture of the two
gasses .
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4.1.5 Rf Discharge Syst em
The glow discharge was generated between the 8 inch (dia)
water cooled cathode and the 6 inch (dia) base of the
shutter, (the two being about 7 inches apart) and contained
in a 10 inch (dia) cylindrical ground screen. This
configuration was driven by an rf signal generator/ amplifier
operation at 13.56 MHz through a matching (capacitance -
inductance) network so that the supply and plasma impedances
could be equalized. Maximum power output of the rf supply
was 1000 W.
4.1.6 Instrumentation
System pressure was monitored by a Baritron capacitance
manometer mounted to the aluminum cap to the system, (used
in conjunction with the MKS gas flow controller mentioned
-5
earlier) in the range 10 to 1 torr. Pressure in the range
6 -3
10 to 10
"
torr was monitored with a hot cathode
ionization gauge mounted to the feedt hrough collar-
Foreline pressure and rough vacuum in the range 1 mtorr to
atmosphere were monitored by two thermocouple gauges.
Coating thickness was monitored by an Inficon IC 6000
deposition controller (quartz oscillating crystal).
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4.2 Operation and Calibration of Syst em
Cold start-up required 20 minutes for the diffusion pump to
heat at which point the liquid nitrogen cold trap was
filled. It then took approximately one hour to achieve
ultimate vacuum.
The capacitance manometer was calibrated using the hot
cathode ionization gauge. This calibration was checked
every time the system was vented.
The Inficon IC 6000 is a programmable unit capable of
controlling multi-staged deposition processes, based on a
quartz oscillating crystal. Calibration of this device can
usually be achieved by on of the following methods.
4.2.1 Gravitational Method
This involves the deposition of o reasonably thick ( * 1000
A) layer over a known area and obtaining a mass difference
(before and after deposition) using a precision balance.
Assuming the density of the film is the same as the bulk
density of the material, and that the coating is uniform,
(no deposition gradient), the thickness of the film may
be easily obtained.
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4.2.2 Stylus Profilomet ry
This method requires a coating on a masked, rigid, smooth
substrate, thereby creating a step (~ 1000 A or more) which
may then be measured with a stylus prof ilometer , which drags
a fine pointed, low mass needle across the surface. The
step height profile is then displayed by the machine.
4.2.3 Interferometry
Interferometry requires the deposition of a step which has
been overcoated with a reflective material. It operates on
the principle that monochromatic light between two non-
parallel half-sil vered mirror flats will create light and
dark interference fringes. A step in one flat (the
substrate) will cause a shift of the interference fringes.
The distance between equivalent points on the fringe pattern
corresponds to X/2 for the light being used. The ratio of
the shift in the fringes caused by the step to the distance
between fringes multiplied by X/2 yields the step size. The
accuracy of the device is limited by the wavelength of the
light used (usually sodium vapor lamp, X = SB90 A), and the
quality of the optics used. It is difficult to measure
steps much under a few hundred A, even on a high quality
interferometer .
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4.2.4 Three Phase Interferomet ry
This method uses essentially the same principle as 4.2.3.
It compares fringe positions from three different distances
(light source to sample). The sample position is computer
controlled using piezoelectric positioners. The device
scans the height of the sample along a line and is usually
used to measure flatness, but is also effective in measuring
step height. This device can generally resolve under 100 A.
4.2.5 Ellipsometry
This method requires an essentially transparent, non-
diffusive coating on a reflective substrate. It uses
monochromatic light that is polarized and passed through a
quarter wave plate, reflected off the substrate (through the
film of interest) at a known angle then passed through an
analyzer filter. The data in the angle of reflection, and
the rotation required of the analyzer and polarizer to
extinguish the light is used to determine the film thickness
and index of refraction (5). Ellipsometry can resolve
thicknesses of hundreds of A, depending on the optical
properties of the film material.
Unfortunately, none of these available methods yielded an
acceptable calibration of the crystal monitor. The FPO
process with indium as the material and oxygen as the gas
yields a film whose density is a strong function of its
20
thickness. This is reasoned from the observation of a
powdery surface on the thicker films. This is believed to
be a result of evaporating onto room temperature substrates.
The arriving species do not have the mobility to arrange
themselves in an orderly fashion, and this disarray is
magnified as the film becomes thicker. The result of this
behavior is that attempts to deposit films thick enough to
be measured by stylus profilometry or interferometry yielded
films whose surfaces were a hazy powder which easily rubbed
off. Thinner films (without the powdery surface) were too
diffuse for ellipsometry to work. Evaporating through a 3/4
inch hole (a size determined by the pressure required for
the E-gun to operate, the pressure required at the
substrate, and the pumping speed of the system) resulted in
a collimated beam of atoms as an evaporation source. This
limited the area of substrate which could be coated evenly,
which pushed the thickness required for a gravimetric
calibration into the powdery surface regime, which made it
difficult to choose a density. Attempts to enlarge the
source-to-substrate distance resulted in films which were
brown in color and had unsatisfactorily high sheet
resistance. This behavior is believed to be caused by too
many mean free paths between the source and substrate,
resulting in vapor phase condensation. Efforts to regain
control of the process with a large source-to-substrate
distance were not successful. To compound this difficulty,
the PET was observed to outgas a detectable mass (probably
21
water) when pumped down to the system base pressure. An
attempt at three phase interferometry also failed, most
likely due to the step being lost in the noise of an uneven
reflective overcoat. Access to this instrument was limited,
so another attempt was not possible.
This led to films whose thicknesses could be controlled but
not known. Thickness data were finally obtained through
freeze-fracture SEMs ( scanning electron micrographs) and TEM
(transmission electron micrographs) cross sections taken by
the Analytical Services Division of the Eastman Kodak
Company .
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4.3 Procedure
Table 4.1 contains a typical completed data sheet. All data
were recorded in this manner during the experiment. The
procedure used is as follows.
4.3.1 Sample Preparation
4.3.1.1 + Cut 7 mil thick samples, 3 inches by 2 inches,
from a 5 inch wide roll of PET
4.3.1.2 t> Rinse substrate (approximately 10 -20 seconds) in
pentane, follow by a rinse in dicloromethane .
Carefully blow off heavy water condensation using
an Effa Duster ( f reon propellent) .
4.3.1.3 t> Attach substrate to the electrically isolated
holder on the shutter-holder mechanism.
-5
4.3.1.4 Close system and pump down to about 10 torr
4.3.2 STAGE 1: Pretreatment of Substrate
4.3.2.1 Choke high vac valve.
Employ MKS gas flow controller to bleed in oxygen
and maintain the desired pressure in the substrate
side of the chamber (approximately 135 mtorr).
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Table 4.1: Data sheet indicating typical values
obtained during experimental run.
DATA SHEET; FORCED PLASMA OXIDATION RIT 8/83
RUN NO. J DATE ZlSuluX? PERSONNEL DDtT
EVAPORANT Ik SUBSTRATE P^f SUBSTRATE THICKNESS *7**if
ELECTRODE SPACING
SUBS. SIZE
BOAT-TO-SUBSTRATE DIST.
ACTIVE ELECTRODE PLATE AREA
PROCEDURE
SUBSTRATE SURFACE TREATMENT PRECLEANING OSlSdJL
PREPRESSURE 4n>W PURGE h ?7Mjf PRESSURE l&M* PURGE - PRESS.
FREQUENCY /3,_f MrU VOLTAGE CURRENT POWER 3<^> V*)
AVERAGE FIELD
TIME Bo SCI..
OTHER
V/m CURRENT DENSITY
POSITION IN PLASMA
A/m POWER DENS.
E-BEAM EVAPORATION GAS C^s_
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4.3.2.2 ? Position substrate away from the cathode (facing
down)
Start Rf discharge and stabilize, providing 250
- 300 W to the cathode.
4.3.2.3 Rotate substrate to the up position (into the
plasma) for the desired amount of time.
Shut off Rf power.
4.3.2.4 Shut off gas flow controller
Open high vac valve and pump system to base
pressure .
4.3.3 STAGE 2: Deposition by E-gun Evaporation
4.3.3.1 > Employ gas flow controller again to raise the
system to the desired pressure for evaporation
( * 2 mtorr) .
4.3.3.2 Turn on power to the E-gun filament, allow to
warm up .
? Turn on high voltage. Adjust emission current
and high voltage to the desired levels.
Observe beam to make sure it is landing in the
crucible .
4.3.3.3 ? Establish deposition rate.
Rotate substrate to the down position while the
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thickness monitor simultaneously reset to zero.
4.3.3.4 Turn off fnament current and high voltage at the
desired thickness.
Simultaneously rotate substrate to the up (and
shielded) position.
4.3.3.5 > Record deposition thickness, rate,
emmision current, gun voltage and chamber pressure
4.3.4 STAGE 3: Post Deposition Treatment of Film
4.3.4.1 ? Choke high vac valve again.
Employ gas flow controller to maintain desired
oxygen pressure.
4.3.3.2 Start Rf discharge again for the desired
amount of time.
4.3.4.3 Shut off gas flow controller.
Allow system to cool (prepare the next sample
during this time)
4.3.4.4 Vent system with air.
Remove substrate for characterization.
Reload system and pump down again immediately.
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4.4 Characterization
4.4.1 To measure sheet resistance, a 3/4 inch wide strip
was cut from the coated sample, then parallel lines
of conductive silver paint were painted 3/4 inch
apart, across the strip and allowed to dry. Sheet
resistance was measured across this square area in
two ways: ( i) using a Kiethley model 610C
Electrometer to measure ohms directly; ( ii) by
applying a known potential across the square area of
film and measuring the current.
4.4.2 Transmission data were initially taken on a
densitometer, followed by periodic measurements
using a Perkin-Elmer model 360 dual beam
spectrophotometer, both using uncoated PET as an
optical reference.
4.4.3 ESCA (Electron Spectroscopy for Chemical Analysis)
was performed on select samples to determine the
content and stoichiometry of the films as a function
of film depth. This work was done at Kodak Elmgrove
Plant.
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5.0 FIGURE OF MERIT
As stated earlier, a f igure of merit
* " *(> P, t)
has been proposed (1,2) and developed by Wo Jciechowski (3)
and can be expressed in terms of raw data by
?-*
Substitution of expressions for R and T yields
M , -i. -txfl ffte
which, when plotted looks like figure 5.1 below,
Figure 5.1: Figure of merit versus film thickness.
This clearly has a maximum in terms of t. Solving for = o
o t
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one obtains optimal thickness,
'opt
at
optimal transmission
T . - e
opt
and optimal sheet resistance,
-1/x
s opt
OCX
a fftopt
Figure 5.2 gives a plot of t . versus T with a as the
opt opt
free parameter, combined with a plot of t versus R .r
opt s opt
with p as the free parameter (3) .
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A*i&c*
Figure 5.2: Taken from ref. 3. Plot of optimal
:hlckness t versus (a) optimal transmittance
"
and user weighting function x to the right,
and (b) optimal sheet resistance R to the
opt
to the left. Absorption coefficient is the
free parameter for (a) and conductivity la
the free parameter to the left.
6.0 DATA AND RESULTS
Experiments were carried out to meet the objectives outlined
earlier. Summaries of process parameters and results for
three different film thicknesses over time are given in
Tables 6.1 through 6.3, as per the objectives outlined in
section 3. Each thickness was given the same pretreatment
and four different post-treatment times. Using the
relationships from section 1, the following expressions for
resistivity, p and absorption coefficient, a can be found:
p - R t
s
= -iH_L
Resistivity and absorption coefficient were calculated and
the data are listed over time in Tables 6.4 through 6.6.
The blanks in the Tables are due to the apparatus being
unavailable for the large blocks of time needed for the
tests .
Transmission data for runs 1 through 12 taken 57 days after
deposition by dual beam spectrophotometer are given in
Appendix A. The samples were scanned from 400 nm to 800 nm.
These data are relative to uncoated PET, whose trace is also
shown on each graph, after back correction.
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Transmission data taken 276 days after deposition for
samples 1 through 12 are given in Appendix B. The samples
were scanned from 350 nm to 1600 nm. Appendix B also gives
transmission data for uncoated PET versus uncoated PET, and
uncoated PET versus air.
ESCA for samples 2, 5, 12 are given in Figures 6.1 through
6.3. Figures 6.4 through 6.6 show depth profiles for the
same films, where only indium, oxygen and carbon were
followed. All of these data were taken 47 days after
deposition .
A freeze fracture SEM of sample number 12 is shown in Figure
6.7. TEM cross sections of samples 1, 5 are shown in Figures
6.8 and 6.9. These are the micrographs used to determine
film thickness .
X-ray diffraction analysis provided by the Analytical
Services Division of Eastman Kodak Company yielded no
definitive evidence of crystalline structure for any of the
film thicknesses.
Uncertainty in the resistivity data is dominated by the
uncertainty in the thickness measurement, which is estimated
to be 20%. The uncertainty in R using the Keithley
Electrometer was considered negligible in comparison to the
thickness uncertainty. Thus, the total uncertainty in
resistivity is estimated to be 20%.
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The uncertainty in absorption coefficient data has three
sources. The first is uncertainty in thickness, for which
-a
" 20%. The second is uncertainty in transmission
measuring device reading which has two branches,
spectrophotometer data and desitometer data. For the
spectrophotometer data, Aa is estimated to be 5%. This
value is derived from *T being . 0S% evaluated at T = 99.0%
(a being most sensitive to AT as T approaches 100%). The
uncertainty in absorption coefficient due to data points
taken by densitometer range from Aa = 50% (maximum), due
to A0.D. = .005 at O.D. = .01 to Ao = 3% (minimum), due
to A0.D. = .005 at O.D. = .18. The third source of
uncertainty in a is variations in the transmission of the
PET substrate. AT was found to be 1%, which gives rise to
a maximum Aa = 50%, for T = 98%. Therefore, the maximum
uncertainty in a is 120%, for a sample measured by
densitometer with O.D. = .01.
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Table 6.3: 500 Angstrom film - Raw data
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Figure 6.1: ESCA spectrum for sample #2
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Figure 6.3: ESCA spectrum for sample #12
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following only indium, oxygen and carbon.
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7.0 DISCUSSION AND ANALYSIS
In this Chapter a model is developed to explain the effect
of the FPO process. The development of the model is based
on the following observations and assumptions.
1. All of the samples stabilize in time around some
resistivity value. This is seen from Figures 7.1 through
7.12, which give oc and p versus time since deposition for
each of the samples 1 through 12. The solid lines are used
to outline general behavior, or trends, in the data.
2. The non FPO samples (Figures 7.1, 7.5, and 7.9) go
through a minimum resistivity between time of deposition and
time of stabilization (the existence of this minimum for
Figure 7.1 is implied by the other two, i.e., the minimum
falls between the first two data points) . Assume that the
principle mode of change of these films over time is
oxidation, i.e., oxygen filling vacancies in the film. This
suggests some optimum oxidation level, which is supported in
the literature (9,13,21) for non-stoichiometric , crystaline
In 0 This oxidation most probably alters film structure
2
3'
in that room must be made for the additional atoms.
3. Laser (13) indicates thin films will reach a
non-
stoichiometric equilibrium (of oxidation) as a function of
oxygen partial pressure.
Oxidation occurs through diffusion
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of oxygen into the film. Advani, et al calculated a value
of 4 x
10"
cm"2s~1
for the diffusion coefficient of
oxygen vacancies in indium oxide films at 200C (13,22).
4. Figures 7.13, and 7.14 (Resistivity versus FPO time)
clearly identify an optimum FPO time for each film
thickness, both at deposition and stabilization values. The
lines on the graphs again outline trends. The existence of
an optimum for the 250 A film is implied by the other two
thicknesses.
5. X-ray diffraction of samples 1, 6, and 12 indicates no
definitive evidence of crystallinity. This is due to the
film being too thin for the precision of the instrument.
This means that the film is thin enough that the x-ray
diffraction results could be due to the surface of the PET
substrate being crystallized during the FPO process.
However, other RE of indium oxide onto room temperature
substrates yielded amorphous films (9). This is supported
by the powdery surface on thicker depositions observed
earlier in this report.
6. Indium oxide exists in three states (23): ln20g, ln20,
and InO. The FPO process can effect the film by (i)
changing the relative amounts of
the three types of oxides
by oxidizing the lower oxides to a higher oxide; (ii)
restructuring the film by adding kinetic energy (therefore
mobility) to the atoms in the film.
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7. The initial oxide mixture, the final oxide mixture
(after stabilization), and the path in time between the two
are all functions of FPO time, due to the effects mentioned
above .
8. Indium oxide is a degenerate n-type semiconductor, which
means that the number of available carriers depends on the
number of oxygen vacancies. That is, the indium atom's
remaining valence electrons (not bound to an oxygen) are
free carriers. Carrier mobility depends on film structure
(being highest in large grain crystals, witness silicon
semiconductors) . Defects such as vacancies, dopants, and
grain boundaries inhibit carrier mobility. Note that the
characteristic these films depend on for carriers inhibits
their mobility- This too supports the existence of an
optimum oxygen : indium ratio.
9. From the previous statements, it follows that the
initial film resistivity, final film resistivity, and the
path in time between the two are functions of FPO time.
Figure 7.15 is a visualization of this model. The data
suggest a resistivity surface in ln:0 ratio, FPO time space.
10. Absorption coefficient depends primarily on level of
oxidation, witnessed by the decline and leveling off of a in
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the no FPO and short FPO time samples, and the stable
nature of a in the long FpQ fcime samples_ Habermeier (20)
also found absorption coefficient to be much less sensitive
to deposition parameters than resistivity. It should be
noted that the absorption coefficient data in Figures 7.1
through 7.12 are plotted with 25% error bars (the minimum
possible uncertainty) even though the uncertainty is as high
as 120% in some cases (as discussed in section 6 of this
report) . This is done for visual simplicity as both
resistivity and absorption coefficient data appear on these
Figures and that the only conclusions possible from these
data are general trends.
The figure of merit criterion as presented in section 5 of
this report was intended to optimize a film of a given
material /process in terms of user determined R and T (or
weighting function, x) ranges. For the present work, R was
5 7
to be no greater than 10 to 10 ft/D and T was to be greater
than 95%. Using indium oxide deposited by a process such
-1 4 -1
that a .33 ( O-cm) and ot = 2 x 10 cm (from sample #S ,
stabilization values) and applying these values to Figure
5.2 yields Figure 7.16. Figure 7-16 determines an optimal
thickness between 45 A and (corresponding to the
7 - -1
intersection of R - 10 and e - .33 (O-cm) ) and 2S0 A
4
(corresponding to the intersection of a
= 2 x 10 and T =
.95). The lower limit of sheet resistance as determined by
the max thickness of 250 A is 1.2 x 10 ( 0/D) . Since 0(45 A
-n -7
film) - 3 x 17 and 0(250 A film)
= 1 x 10 , a 250 A film
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would be more desirable.
This analysis assumes that resistivity and absorption
coefficient are not functions of film thickness, which for
films thicker than the mean free path of an electron in the
film is a solid assumption. However, this assumption fails
in the present work where a and p are strong functions of
thickness (witness Figures 7.14, 7.15). This model fails,
under these circumstances, to predict the sheet resistance
and transmittance of a film of one thickness knowing the
thickness, sheet resistance and transmittance of another.
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Figures 7.1 through 7-12. Resistivity and absorption
coefficient for samples 1 through 12 versus time since
deposition. Solid lines indicate trends in the data.
Specific differences are indicated on each Figure.
Resistivity data errorbars indicate 20% uncertainty and
absorption coefficient data errorbars indicate 25%
uncertainty -
O - Resistivity data
[7] - Absorption coefficient data
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Figure 5.2: Taken from ref. 3. Plot of
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T
t and user weighting function x to the
and (b) optimal sheet resistance R to
opt
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8.0 CONCLUSIONS AND RECOMMENDATIONS
8.1 Conclusions
The data in Tables 6.1 through 6.3 show that transparent
antistatic coatings on PET with sheet resistances - 106 0/D
and optical transmission - 9S% that are stable over time are
possible by the FPO process. Experiments were performed
to understand the effect of the FPO process on resistivity p
and absorption coefficient a, and a model was developed
showing the dependence of p and a on thickness, FPO time and
time elapsed since deposition. It was shown that there
exists an optimum FPO time for a given thickness film and
an optimum ln:0 ratio which minimizes resistivity.
Sheet resistance and transmission data such as those shown
in Table 3.1 (taken from the Fuji report by ref. 3) at the
thicknesses shown are, in my opinion, not possible. To
obtain resistivities on the order of the best published
(5) results for crystalline In23 films thousands of
angstroms thick in a sixty angstrom film is questionable if
only on the argument that conduction will be limited by
interference from the film surface. However, sheet
resistances and transmission data such as those in Table 3.1
may be achievable (at a greater thickness)
through further
investigation into the process.
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8.2 Recommendations For Further Work
8.2.1 The oxygen pressure required for the evaporation
stage is in the mtorr range. I recommend using
resistive-heated tungsten wire baskets for
evaporation to eliminate both the deposition rate
problem encountered by ref. 3 and the need for
differential pumping in the present work. This
would also eliminate the deposition monitor
calibration problem caused by the need for
differential pumping.
8.2.2 The use of optical grade PET substrates is
recommended in future work to minimize the
uncertainty in absorption coefficient to better
model the relationship between absorption
coefficient and the deposition parameters.
8.2.3 The effect of deposition parameters (rate, oxygen
pressure, source-to-substrate distance, etc.) is not
understood. A series of experiments is needed to
investigate these relationships.
8.2.4 Correct and effective surface activation is
important. This step desorbs water, chemically
e*lters and adds surface energy to the substrate. A
series of experiments are needed to understand the
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effect of plasma parameters (e.g., power, pressure,
species, time, etc.) on the substrate itself as well
as any deposition on it.
8.2.5 A series of experiments is needed to establish the
effects of rf power and gas species on the FPO
treatment of given film thicknesses.
8.2.6 Doping of indium oxide films with tin has been shown
to yield lower values of R (at the cost of lower
s
transmittance) through tin substituting for indium
in the lattice and donating carriers. Nath, et al
(9) lowered R as much as an order of magnitude by
doping indium oxide films with tin (18% by weight)
in a reactive ion plating process, while
transmission dropped by 10 percent. Indium/tin
oxide is the material of choice for much of the
literature and may be worthwhile pursuing
experimental ly.
8.2.7 The present work was done on stationary substrates.
In order to use this process in industry, it must be
adapted to vacuum web coating. A series of bell jar
experiments on narrow web are necessary to establish
the system design and process parameters for
continuous deposition (incorporating the above
items as well) .
73
8.2.8 Of the other potential processes outlined at the
beginning of this report, reactive ion plating held
the most potential in terms of sheet resistance and
transmittance results on room temperature substrates
for transparent antistatic coating applications. A
series of experiments incorporating both of these
processes (pre- treatment, treatment during
deposition --> RIP, and post treatment > FPO)
investigating the effects of rf power, gas species,
etc for all three stages may be wothwhile pursuing
experimentally as well.
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APPENDIX A: SPECTROPHOTOMETRY DATA TAKEN 57 DAYS AFER
DEPOSITION
Samples 1 through 12 were scanned vs blank PET for percent
transmission (50 - 100* vertical scale) in the range 400
-
800 nm by a Perkin-Elmer dual beam spectrophotometer, 57
days after deposition. Figures A.l through A. 12 contain
these traces. The trace for blank PET is also shown in each
Figure (after back-correction) . Only the differences are
shown on each Figure.
Figure A.l: 135 Angstroms, no FPO
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Figure A. 2: 135 Angstroms, 3 sec FPO
Figure A. 3: 135 Angstroms, 10 sec FPO
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APPENDIX B: SPECTROPHOTOMETRY DATA TAKEN 276 DAYS AFTER
DEPOSITION
Samples 1 through 12 were scanned vs blank PET for percent
transmission (50 -100 % vertical scale) in the range 315
-
1600 nm by a Perkin-Elmer dual beam spectrophotometer, 276
days after deposition. Figures B.l through B.12 contain
these traces. Figure B.13 shows blank PET vs blank PET and
Figure B.14 shows blank PET vs air. Only the differences
are shown in each Figure.
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